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Brefeldin A suppresses vesicle trafficking by inhibiting
exchange of GDP for GTP in ADP-ribosylation factor. We
report that brefeldin A suppresses mobilization of triacylgly-
cerols in Chlamydomonas reinhardtii, a model organism of
green microalgae. Analyses revealed that brefeldin A causes
Chlamydomonas to form lipid droplets in which triacylgly-
cerols accumulate in a dose-dependent manner. Pulse label-
ing experiment using fluorescent fatty acids suggested that
brefeldin A inhibits the cells from degrading fatty acids.
The experiment also revealed that the cells transiently
form novel compartments that accumulate exogenously
added fatty acids in the cytoplasm, designated fatty acid-
induced microbodies (FAIMs). Brefeldin A up-regulates the
formation of FAIMs, whereas nitrogen deprivation that
up-regulates triacylglycerol synthesis in Chlamydomonas
does not cause the cells to form FAIMs. These results
underscore the role of the vesicle trafficking machinery in
triacylglycerol metabolism in green microalgae.
Keywords: Triacylglycerol mobilization  Lipid droplets 
microalgae  brefeldin A  peroxisome precursor 
ADP-ribosylation factor.
Abbreviations: ARF, ADP-ribosylation factor; BFA, brefeldin A;
DMSO, dimethylsulfoxide; ER, endoplasmic reticulum; FAIMs,
fatty acid-induced microbodies; GAP, GTPase-activating pro-
tein; GEF, guanine nucleotide exchange factor; LD, lipid droplet;
Min medium, minimum medium; PCD, programmed cell
death; TAG, triacylglycerol; TAP medium, Tris-acetate-phos-
phate medium; TAP–N medium, Tris-acetate-phosphate
minus nitrogen; TLC, thin-layer chromatography.
Introduction
Plants synthesize triacylglycerols (TAGs) using fatty acids synthe-
sized de novo in plastids and acyl-CoA pooled in endoplasmic
reticulum (ER). The synthesized TAGs accumulate in oil bodies
or, as they are more commonly named, lipid droplets (LDs),
specialized organelles that possess a single phospholipid layer.
Although the morphogenesis of LDs is not clear at this point, a
model based on studies in different eukaryotic cells suggests that
the LDs are initiated by deposition of TAGs between the two
phospholipid layers (leaflets) of the ER membranes (Martin and
Parton 2006). The model further suggests that the swollen leaf-
lets are detached from the ER to form distinct membrane organ-
elles that have a single phospholipid layer. The accumulated
TAGs are hydrolyzed or mobilized by TAG lipases to provide
building blocks of the membranes or to generate energy.
TAG synthesis and mobilization in green microalgal species
recently generated considerable interest because TAGs from
green microalgae have a high potential as renewable fuels
(Hu et al. 2008, Radakovits et al. 2010, Wijffels and Barbosa
2010, Fairley 2011). Green microalgae possess most of the
orthologous genes that are involved in TAG synthesis and hy-
dration in plants, animals, insects and yeast (Merchant et al.
2007). Indeed, recent studies on Chlamydomonas reinhardtii, a
model green microalga, revealed that the alga expresses the
homologous genes involved in TAG synthesis during nitrogen
starvation (Miller et al. 2010). Furthermore, recent studies on
the alga also reveal that Chlamydomonas LDs contain homolo-
gous proteins that are found in the LDs of plants, animals,
insects and yeast (Moellering and Benning 2010, Nguyen et al.
2011). This indicates that some of the knowledge obtained from
other organisms can be applied to understand TAG synthesis
and mobilization in Chlamydomonas.
Studies in animals, insects and yeast show that proteins
involved in vesicle trafficking are instrumental in TAG mobiliza-
tion (Farese and Walther 2009, Guo et al. 2009, Beller et al. 2010).
In these organisms, for instance, ARF1 (ADP-ribosylation factor
1), a protein that assembles the vesicles in the Golgi (D’Souza-
Schorey and Chavrier 2006), is thought to regulate TAG mobil-
ization (Nakamura et al. 2004, Beller et al. 2008, Gaspar et al. 2008,
Guo et al. 2008, Fei et al. 2009, Soni et al. 2009). ARF1 is a small
GTPase protein that is capable of hydrolyzing GTP to GDP. GTP
in ARF1 is hydrolyzed after the GTPase activity of ARF1 is acti-
vated by ARF-GAP (GTPase-activating protein). The hydrolyzed
GDP in ARF1 is then exchanged with GTP through an interaction
with ARF-GEF (guanine nucleotide exchange factor). The func-
tion of ARF1 is changed by binding of GTP or GDP, GTP-ARF1
and GDP-ARF1, respectively, in the cells (Casanova 2007). In a
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conceivable functional model of ARF1 in vesicle trafficking, GTP-
ARF1 localizes on the surface of the Golgi and recruits COPI (coat
protein complex I) that initiates budding of a vesicle. Because the
fungal chemical brefeldin A (BFA) stabilizes a protein interaction
between GDP-ARF1 and ARF-GEF (Zeeh et al. 2006, Viaud et al.
2007), adding BFA into culture media of eukaryotic cells prevents
the GDP in ARF1 from being replaced by GTP. Accordingly, ves-
icle formation in the Golgi would be inhibited by BFA (Orcl et al.
1993, Gommel et al. 2001). ARF1 is also involved in proliferation
of peroxisomes and retrograde transport from the peroxisomes
to the ER in yeast and plants, respectively (Lay et al. 2005,
McCartney et al. 2005).
The involvement of vesicle trafficking mechanisms in the LD
formation or TAG mobilization of green microalgae and plants
is poorly understood (Benning 2009). Proteomic studies on the
LDs of Chlamydomonas (Moellering and Benning 2010) reveal
that the LDs contain the appropriate proteins for vesicular traf-
ficking as found in animals, insects and yeast (Hodges and Wu
2010). This suggests that Chlamydomonas may utilize the same
vesicle transport machinery to form LDs or mobilize TAGs.
The fundamental difference between green microalgae and
the model organisms studied for human health is, however, that
green microalgae possess plastids, as do plants. Because acetyl-
CoA and fatty acids are synthesized in the plastids in plants and
green microalgae (Hu et al. 2008), it is speculated that plants and
algae possess different or additional pathways for TAG synthesis
and mobilization. In fact, recent studies in Chlamydomonas sug-
gest that LDs in Chlamydomonas may be de novo synthesized in
the ER and plastids (Fan et al. 2011, Goodson et al. 2011). The
new study revealed that LDs in Chlamydomonas can be cate-
gorized into two types: (i) a-LDs that are formed constitutively
but at low levels under nitrogen-replete conditions; these a-LDs
are not associated with the plastid envelope; and (ii) b-LDs that
are abundantly formed under nitrogen deprivation conditions,
and are associated with the plastid envelope (Goodson et al.
2011). Moreover, unlike animal cells but similar to yeast,
Chlamydomonas forms LDs upon nitrogen deprivation (Hu
et al. 2008, Wang et al. 2009, Siaut et al. 2011), and hydrolyzes
the accumulated TAGs upon nitrogen repletion (Siaut et al.
2011). In addition, MLDP (major lipid droplet protein), a protein
thought to coat the LDs in Chlamydomonas, is found only in the
green microalgal lineage but not in other lineages including
plants (Moellering and Benning 2010). However, the protein
plays an important role in the determination of the size of the
LDs (Moellering and Benning 2010). In this report, we show that
BFA inhibits degradation of fatty acids, and suppresses TAG
mobilization in Chlamydomonas.
Results
BFA up-regulates the formation of LDs in
Chlamydomonas
To investigate the relationship between the vesicle trafficking
machinery and the formation of LDs in green microalgae, we
examined the response of Chlamydomonas to BFA, which in-
hibits the exchange of guanine nucleotide in ARF and down-
regulates Golgi–ER vesicle trafficking (Lippincott-Schwartz et al.
1989, Tse et al. 2006, Zeeh et al. 2006, Hummel et al. 2007). We
initially added 2.5 mM BFA, which is half the concentration
tested in LD formation in Drosophila cells (Beller et al. 2008),
into TAP (Tris-acetate-phosphate) medium a culture medium
that contains macro- and micronutrients. We then analyzed
the Chlamydomonas cells by confocal microscopy that detects
the LDs as fluorescent compartments with a neutral-lipid stain-
ing dye, Nile red. Chlamydomonas cultured in TAP–N medium,
a nitrogen deprivation medium, normally shows obvious LD
formations within 2 d (Hu et al. 2008, Wang et al. 2009, Siaut
et al. 2011). We found that Chlamydomonas cells exposed to
2.5mM BFA in TAP medium for 2 d formed compartments
which are stained with Nile red, similar to the cells cultured
in the TAP–N medium (Fig. 1). This suggested that 2.5mM BFA
would up-regulate LD formation in Chlamydomonas as in ani-
mals, yeast and Drosophila. However, Chlamydomonas did not
show many compartments that stained with Nile red in the
presence of 5.0 mM wortmannin (data not shown).
Wortmannin is a fungal chemical that inhibits the vesicle traf-
ficking between pre-vacuolar compartments and the lytic vacu-
oles in plants (Matsuoka et al. 1995, Kleine-Vehn and Friml
2008, Silady et al. 2008). This suggested that LD formation
would not rely on vesicle trafficking itself but might be regu-
lated by BFA-sensitive proteins in Chlamydomonas.
TAG accumulation and LD formation are BFA
dose dependent
To investigate BFA regulation of TAG synthesis, besides LD
formations, we analyzed the dose dependency of the TAG syn-
thesis stimulated by BFA. To this end, we cultured the
Chlamydomonas cells with 1.0, 2.5 or 5.0mM BFA for 2 d in
TAP medium. TAGs then were analyzed by thin-layer chroma-
tography (TLC) after lipids in the cells were extracted. As a
control, TAGs extracted from the cells cultured in TAP–N
medium for 3 d were analyzed. The treatments resulted in
TAG accumulation even at concentrations as low as 1.0mM
BFA (Fig. 2A). Moreover, the levels of TAG accumulation
were positively correlated with the concentration of BFA up
to 5.0mM. We also attempted to analyze the relationships
among the BFA concentrations, TAG accumulation and LD
formation quantitatively. To this end, we deduced the TAG
amounts on the TLC by comparing the signal intensities of
the TAGs with that of a standard sample, triolein (Fig. 2A).
We also analyzed the Nile red intensities in the cells that were
cultured with 1.0, 2.5 and 5.0 mM BFA for 2 d in the TAP
medium by flow cytometry. We then plotted the deduced
TAG amounts against the mean Nile red intensities (Fig. 2B).
The plots showed a strong correlation (R2 = 0.98) among the
different BFA concentrations. This suggested that TAG accu-
mulations and LD formations were BFA dose dependent, at
least at concentrations between 1.0 and 5.0mM.
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Fig. 1 Confocal microscopy identifies that brefeldin A (BFA) up-regulates lipid droplet (LD) formation in Chlamydomonas. D66, a
Chlamydomonas reinhardtii strain (nit2, cw15, and mt+), forms LDs when the cells are cultured with a medium that does not contain nitrogen
(TAP–N medium) for 2 d. Confocal microscopy analysis with Nile red that stains neutral lipids can detect the formation of the LDs as
fluorescence (shown in red). D66 forms the LDs when the cells are cultured with a normal culture medium (TAP medium) with 2.5 mM BFA
for 2 days. DMSO, dimethylsulfoxide (the solvent in which BFA was dissolved).
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Fig. 2 (A) Thin-layer chromatography (TLC) analysis reveals BFA dose-dependent accumulations of triacylglycerols (TAGs) in Chlamydomonas.
D66 is cultured in 10 ml of TAP medium with various concentrations of BFA for 2 d, and lipids in the 1106 cells were extracted. As a control
extraction, lipids in D66 cultured in a 10 ml TAP–N medium for 3 d were extracted. The extracted lipids were developed on TLC plates. TAGs
were visualized by charring the plates. A black arrow shows the range where TAGs migrated. (B) Scatter plot analysis reveals a BFA concentration-
dependent increase of the Nile red intensities. D66 was cultured in 10 ml of TAP medium with various concentrations of BFA for 2 d. A portion of
the cultures was stained with Nile red and analyzed by flow cytometry. In addition, lipids in the cultured cells were extracted and subjected to
semi-quantitative TLC analysis. The intensities of the charred spots on the plate were then digitally quantified. The amounts of TAGs were
deduced based on the intensities of triolein (1, 5, 10 and 20 mg). The analyses suggest that the amounts of TAGs accumulated in the cells are
positively correlated to the concentration of BFA added to the medium. They also suggest that the Nile red intensities and the amounts of TAGs
are highly correlated (R2 = 0.98). Error bars show the SE of three independent experiments.
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BFA transiently up-regulates a-LD formation
To analyze the LD formation within Chlamydomonas cells by
BFA in more detail, we analyzed the cells exposed to 2.5mM BFA
for 2 d by transmission electron microscopy (Fig. 3). The cells
cultured in the TAP–N medium for 2 d contained LDs (round
compartments filled with gray matter in the image) that asso-
ciate with the plastids (Fig. 3B), which were previously categor-
ized as b-LDs (Goodson et al. 2011). On the other hand, LDs
were rarely found in cells cultured in the TAP medium contain-
ing nitrogen (Fig. 3A). Moreover, the cells cultured in the TAP–
N medium also showed starch granules in the plastids (Siaut
et al. 2011), compartments filled with white matter in the
image, which were also rarely found in cells cultured in the
TAP medium. A majority of cells exposed to 2.5mM BFA
showed LDs that do not associate with the plastids (Fig. 3C;
Supplementary Fig. S1A), which are categorized as a-LDs
(Goodson et al. 2011). We also found that the average size of
LDs formed by BFA is about 20% of that formed by nitrogen
deprivation (Supplementary Fig. S1B). These findings sug-
gested that BFA might function differently from nitrogen de-
privation in Chlamydomonas, with respect to LD formation
(Fig. 3). Hence, we investigated whether or not the mainten-
ance of the LDs was different between the BFA-exposed and
nitrogen-depleted cells. To analyze this, we used a flow cyt-
ometer. Chlamydomonas was cultured in each of the media,
TAP, TAP–N and TAP containing 2.5mM BFA. The cultured
cells were then subjected to flow cytometry analysis after 0, 1,
2 and 3 d of culture (Fig. 4A). The cells cultured in the TAP–N
medium showed a steady increase of the Nile red intensity
during the time course. On the other hand, the cells cultured
in the TAP medium showed little increase in the Nile red in-
tensity. The results agreed with previously published studies in
which the formation of the LDs in Chlamydomonas was moni-
tored by fluorescence microscopy (James et al. 2010, Moellering
and Benning 2010, Siaut et al. 2011). This indicated that flow
cytometry is suitable for monitoring the formation of the LDs in
Chlamydomonas. The cells cultured with 2.5 mM BFA showed
high Nile red intensities 1 d after the cultures started. However,
the intensities did not increase further over the following days.
Amounts of TAG, analyzed by TLC, also did not increase over
the following days (Supplementary Fig. S2). These findings
support the idea that BFA functions differently from nitrogen
deprivation.
BFA suppresses cell growth
Chlamydomonas ceases cell growth when it is cultured in TAP–
N medium because nitrogen starvation induces gamete forma-
tion. Typically, cells undergo 1–2 cell divisions before they arrest
growth (Work et al. 2010). To examine whether or not BFA also
causes Chlamydomonas to cease cell growth, we analyzed
changes in cell numbers during the culture in TAP, TAP–N or
TAP containing 2.5 mM BFA (Fig. 4B). The number of cells cul-
tured in the TAP medium increased for 48 h. In contrast, the
number of cells cultured in the TAP–N medium increased a little
during the time course. This suggested that the Chlamydomonas
strain we analyzed also ceases cell growth when cultured in
TAP–N medium as previously reported (Work et al. 2010).
The number of the cells cultured in the TAP medium containing
2.5mM BFA rarely changed during the time course. This sug-
gested that BFA suppresses the cell growth.
BFA but not tunicamycin causes the cells to
accumulate TAGs
BFA is known to cause ER stress and programmed cell death
(PCD) in other model systems (Moon et al. 2012). Moreover, a
characteristic of PCD is rapid accumulation of LDs in some of
the systems (Boren and Brindle 2012). Because our analysis
suggested that BFA suppresses cell growth (Fig. 4B), we
tested the possibility that the increased TAG accumulation is
a result of PCD. We hypothesized that if TAG accumulation is
simply a result of ER stress or PCD, tunicamycin, a chemical that
causes ER stress by inhibiting N-linked glycosylation in eukary-
otic cells including Chlamydomonas (Diaz-Troya et al. 2011),
would also cause the cells to accumulate TAG. To test the
hypothesis, we analyzed cell viability and TAG accumulation
of Chlamydomonas exposed to tunicamycin or BFA (Fig. 5).








Fig. 3 Transmission electron microscopy confirms the stimulation of LD formation by BFA in Chlamydomonas. (A) D66 forming the LDs in TAP–
N medium. (B) D66 forming no LDs in TAP medium. (C) D66 forming the LDs in TAP–N medium with 2.5 mM BFA. Asterisks and ‘S’s indicate
examples of LDs and starch granules, respectively, in the cells. N, nucleus; P, plastids. Bar = 1 mm.
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The analysis revealed that 2.5 mM BFA and 5.0 mg ml1 tunica-
mycin similarly reduces the cell viability, 44 ± 19% and 38 ± 8%
of mock-treated cells, respectively (Fig. 5A). However, BFA (2.5
and 10mM) but not tunicamycin (1.0 and 5.0mg ml1) causes
the cells to accumulate TAGs (Fig. 5B). Hence, we concluded
that the accumulation of TAG is not simply caused by ER stress
or PCD in Chlamydomonas.
In addition, we compared the effect of BFA and tunicamycin
on the amount of starch that is known to accumulate
in Chlamydomonas when it is stressed by BFA or nitrogen
deprivation (Hummel et al. 2010, Work et al. 2010, Siaut et al.
2011). The analysis revealed that Chlamydomonas cultured
with 2.5 or 10 mM BFA accumulates a similar amount of
starch to that cultured with 1.0 or 5.0mg ml1 tunicamycin
(Fig. 6). The amounts of starch in Chlamydomonas cultured
with BFA or tunicamycin are, however, about half of that in
those cultured in TAP–N medium. The cells cultured with
2.5mM BFA increased the amount of starch 1 d after the cul-
tures started, and remained at similar levels over the following
days (Supplementary Fig. S2). These findings suggested that
cell stress and TAG accumulation may not be concurrent in
Chlamydomonas.
BFA causes the cells to accumulate exogenously
added fatty acids
A previous study found that b-LDs but not a-LDs are associated
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Fig. 4 (A) Time course analysis reveals that BFA causes
Chlamydomonas D66 to form the LDs transiently. To investigate the
temporal formation of LDs by BFA, time course experiments are con-
ducted with a flow cytometer that measures Nile red fluorescence
intensities in individual cells (5104 counts). The analysis reveals that
LD formation reaches a maximum within 24 h after adding 2.5 mM
BFA to the culture medium (TAP). The LDs are then gradually reduced
in the following hours. On the other hand, the LDs steadily increase
when the cells are cultured in the nitrogen deprivation medium
(TAP–N). The graph shows the mean fluorescence intensity of Nile
red in 5104 cells ± SE of three independent experiments. (B) BFA
suppresses D66 cell growth. To examine the effect of BFA on
Chlamydomonas cell growth, changes of cell numbers in the cultures
were monitored. The analysis revealed that the number of cells cul-
tured in the TAP medium steadily increased for 48 h in our culture
condition. The number then stays the same in following hours. On the
other hand, the number of cells cultured in the TAP–N medium or the
TAP medium containing 2.5mM BFA hardly changed. The graph








































Fig. 5 Both BFA and tunicamycin reduce cell viability, but only BFA
causes the cells to accumulate TAGs. (A) BFA and tunicamycin reduce
cell viability. Chlamydomonas D66 was first cultured for 24 h in TAP
medium that contains 2.5 or 10 mM BFA, or 1 or 5 mg ml1 tunicamy-
cin. As a control, D66 was cultured in TAP medium containing DMSO.
After the numbers of the cells in each culture were counted, 104 cells
from each culture were spread on agar plates containing TAP
medium. Seven days after the cells were spread, the numbers of colo-
nies formed on the plates were counted. The graph shows the mean
number of the colonies ± SE of three independent experiments. (B)
BFA but not tunicamycin causes the cells to accumulate TAGs. The
amounts of TAGs accumulated in the cells were measured. The graph
shows the mean amount of TAGs per 106 cells in mg ± SE of three
independent experiments.
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/pcp/article/54/10/1585/1906297 by Louisiana State U
niversity user on 28 Septem
ber 2021
we found that nitrogen deprivation and BFA up-regulate the
formation of b- and a-LDs, respectively (Fig. 3; Supplementary
Fig. S1). We therefore speculated that the impact of BFA on
TAG synthesis would differ from that of nitrogen deprivation.
More specifically, we thought that metabolism of fatty acids
that are synthesized de novo in the plastid and incorporated
in TAGs through the plastid or ER (Liu and Benning 2013)
would be differentially regulated by the nitrogen deprivation
and BFA. We rationalized that if the metabolism of fatty acids is
differentially regulated, exogenously added fatty acids might
also be differentially regulated. To this end, we conducted
pulse labeling experiments in which 20mM fluorescently labeled
fatty acids (BODIPY FL C16) and 100 mM oleic acid (non-labeled
fatty acid C18) are transiently added in culture solutions. In the
first experiment, logarithmically growing Chlamydomonas was
transferred to freshly prepared TAP medium, TAP–N medium
or TAP medium containing 2.5 mM BFA (Fig. 7A). The fluores-
cently labeled fatty acids (BODIPY fatty acids hereafter) incor-
porated into the cells were then monitored by flow cytometry
(Fig. 7B). The analysis revealed that when Chlamydomonas is
cultured in the TAP medium, fluorescence in the cells is com-
pletely eliminated within 15.5 h after the pulse labeling. This
suggested that when Chlamydomonas grows logarithmically,
the BODIPY fatty acid is excluded from the cells, or the
BODIPY is degraded. On the other hand, when Chlamydomonas
is cultured in the TAP–N medium, fluorescence in the cells
remains at constant levels even 21.5 h after the pulse labeling.
This suggested that the BODIPY fatty acid is stably incorporated
into the cells. Surprisingly for us, when Chlamydomonas is cul-
tured in the TAP medium containing 2.5mM BFA, fluorescence
in the cells is much higher than that in those cells cultured in
the TAP or TAP–N medium. This suggested that BFA might up-
regulate the incorporation of exogenous fatty acids, or it would
inhibit degradation of fatty acids in the cells. Although the
fluorescence decreases by about 30% at 15.5 h after the pulse
labeling, the levels of the fluorescence remain high at 21.5 h after
the pulse labeling.
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Fig. 7 BFA inhibits degradation of exogenously added fatty acid. (A) Schematic drawing of the pulse labeling experiment. Fluorescently labeled fatty
acid, BODIPY FL C16 (20mM), and non-labeled oleic acid (100mM) were added to the culture solutions 8 h after Chlamydomonas D66 was cultured in
each medium. The cells were washed 30 min after adding the exogenous fatty acids, and cultured in freshly prepared medium without exogenous fatty
acids. (B) Changes of BODIPY fluorescence in the cells. Relative mean intensities of BODIPY fluorescence in the cells were measured by flow















Fig. 6 Both BFA and tunicamycin cause the cells to accumulate
starch. The amounts of starch accumulated in the cells in Fig. 5
were measured. The graph shows the mean amount of starch per
106 cells in mg ± SE of three independent experiments.
1590 Plant Cell Physiol. 54(10): 1585–1599 (2013) doi:10.1093/pcp/pct103 ! The Author 2013.
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TLC analysis revealed that BODIPY fatty acid was incorpo-
rated into TAG in both nitrogen-starved cells and BFA-treated
cells (Supplementary Fig. S3A). However, the incorporation of
BODIPY fatty acids into TAGs by BFA is lower than that caused
by nitrogen deprivation (Supplementary Fig. S3B).
Based on the findings, we concluded that exogenously
added fatty acids are differentially metabolized by BFA and
nitrogen deprivation.
Exogenously added fatty acids are transiently
accumulated in compartments
To assess the fate of the exogenously added fatty acids in the
cells, the pulse labeling experiment was repeated with fluores-
cence microscopy (Fig. 8). The cells cultured in the TAP
medium show BODIPY-fluorescent speckles that are not
stained with Nile red in the cytoplasm soon after the pulse
labeling. The BODIPY-fluorescent speckles are then eliminated
within 15.5 h after the pulse. This suggested that the exogen-
ously added fatty acids are accumulated in compartments
before the degradation. On the other hand, the cells cultured
in the TAP–N medium show BODIPY-fluorescent speckles that
are also stained with Nile red in the cytoplasm soon after the
pulse labeling. The BODIPY-fluorescent speckles that are also
stained with Nile red remain in the cytoplasm 15.5 h after the
pulse labeling. This suggested that the BODIPY fatty acids are
incorporated into the LDs soon after the pulse labeling. The
cells cultured in the TAP medium containing 2.5mM BFA show
BODIPY-fluorescent speckles. However, they are not stained
with Nile red soon after the pulse labeling. This observation is
similar to the cells cultured in the TAP medium. However, the
BODIPY-fluorescent speckles in the cells are more visible than
those cultured in the TAP medium. This suggested that BFA up-
regulates formation of the BODIPY-fluorescent speckles.
Moreover, unlike the cells cultured in the TAP medium, the
BODIPY-fluorescent speckles remain in the cells at 15.5 h after
the pulse labeling. The speckles also are stained with Nile red at
this time point. This suggested that the exogenously added
fatty acids are transiently incorporated into non-LD
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Fig. 8 Chlamydomonas accumulates exogenously added BODIPY FL C16 in compartments with and without BFA. (A) Schematic drawing of the
pulse labeling experiment. Fluorescently labeled fatty acid, BODIPY FL-C16 (20 mM), and non-labeled oleic acid (100 mM) were added to the
culture solutions 8 h after Chlamydomonas D66 was cultured in each medium. The cells were washed 30 min after adding the exogenous fatty
acids, and cultured in freshly prepared medium that did not contain exogenous fatty acids. (B) Fluorescence microscopy analysis of the cells. D66
cells in each culture condition were collected at time points indicated on the top of the image. The images were captured through filter cubes
that detect BODIPY FL C16 (BODIPY) and Nile red (Nile Red), respectively. The images of BODIPY and Nile red were then superimposed
(BODIPY Nile Red Merged) using ImageJ software. Images using transmission light were also captured (Transmit) to determine the position of the
cells in the images. Notice speckles in all BODIPY images except one captured in the TAP medium at 24 h. This suggests BODIPY FL C16
accumulates in compartments within cells. Also notice that the BODIPY speckles and Nile red speckles are co-localized in the images of
TAP + BFA 2.5 mM 24 h, TAP–N 8.5 h, and TAP–N 24 h. These suggest that BODIPY FL C16 accumulates in the LDs. Nile red signals are very low in
the images of TAP + BFA 2.5mM 8.5 h and TAP 8.5 h. This suggests that LDs are not formed. Similarly, BODIPY signals are very low in the image of
TAP 24 h. This suggests that BODIPY FL C16 degrades in the cells. Bars = 10 mm.
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compartments first in the cells cultured with BFA. Some of the
fatty acids then might be transferred into the LDs. An alterna-
tive explanation is that LDs formed by BFA may be capable of
accumulating fatty acids prior to synthesizing triglycerides. In
any case, this supports the idea that BFA and nitrogen depriv-
ation metabolize the exogenously added fatty acids differently.
Novel compartments that are formed by
exogenously added fatty acids are designated fatty
acid-induced microbodies (FAIMs)
To understand the structures of the compartments that accu-
mulate BODIPY fatty acids but are not stained with Nile red, we
observed the cells with transmission electron microscopy
(Fig. 9). Chlamydomonas were observed after logarithmically
growing cells were cultured in the TAP medium with 20 mM
BODIPY fatty acids and 100 mM oleic acid for 8 h. In this
condition, BODIPY-fluorescent speckles are clearly visible by
fluorescence microscopy even without BFA (Fig. 9A). The
transmission electron microscopy suggested that the compart-
ments are formed in the cytoplasm (Fig. 9B, C), and would be
surrounded by a phospholipid bilayer (Fig. 9D). In transmission
electron microscopy, the electrons are scattered depending on
the density of the material present. A specimen hence displays
varied darkness according to their density. Because the darkness
within the compartments is similar to that of starch granules
(Fig. 9B), we deduced that the density of the materials within
the compartments is low like that of starch granules. This














Fig. 9 Transmission electron microscopy identifies fatty acid-induced microbodies (FAIMs). (A) Fluorescence microscopy image with BODIPY FL
C16. Chlamydomonas D66 was cultured in TAP medium with 20 mM BODIPY FL C16 and 100 mM oleic acid for 8 h. In this condition, BODIPY-
fluorescent speckles were clearly visible even without BFA. Nile red signals (Nile Red) were very low, suggesting that BODIPY FL C16 accumulated
in non-LD compartments. Transmit: transmission image. Bar = 10 mm. (B) Transmission electron microscopy. The D66 cells in (A) were subjected
to transmission electron microscopy. Asterisks indicate examples of compartments, designated FAIMs, identified in the cells cultured with the
exogenous fatty acids. ‘P’, ‘Py’ and ‘S’s indicate plastid, pyrenoid and starch granules, respectively, in the cells. A red box indicates the area
magnified in (C). (C) A magnified image of FAIMs. The area indicated by the red box in (B) was magnified. A red box indicates an area digitally
enlarged in (D). (D) A digitally enlarged image of FAIM membrane. The area indicated by the red box in (C) was digitally enlarged, and the
contrast in the entire image was adjusted by ImageJ software. Arrowheads on the top and bottom of the image point to phospholipid bilayer-like
structures that surround the FAIM. Bar = 1mm.
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protein. We designated the compartments fatty acid-induced
microbodies (FAIMs). TLC analysis revealed that BODIPY fatty
acid was little incorporated into TAGs in the condition used for
this experiment (Supplementary Fig. S4). This supports the
idea that the materials accumulated in the FAIMs are not TAGs,
but fatty acids and/or other metabolites.
BFA suppresses TAG mobilization
Because BFA inhibits degradation of exogenously added fatty
acids (Fig. 7) and causes the cells to up-regulate the formation
of FAIMs (Fig. 8), we investigated whether or not BFA would
affect lipolysis (mobilization of TAGs and degradation of fatty
acids) rather than lipogenesis (synthesis of fatty acids and
TAGs). To analyze TAG mobilization, we monitored changes
of TAG amounts in cells cultured in a minimum (Min) medium.
Because the Min medium does not contain acetic acid
(a carbon source), TAG accumulated in the cells is rapidly
mobilized to generate carbon resources and energy when
Chlamydomonas is cultured in this medium in the dark (Siaut
et al. 2011). We first cultured Chlamydomonas in TAP–N
medium for 24 h so that the cells accumulate TAGs. We then
transferred the cells to the Min medium and cultured them in
the dark. Without BFA, only 10 ± 1 % of Nile red fluorescence
was detected in the cells at 16 h after the transfer, compared
with that soon after the cells were transferred to the Min
medium (Fig. 10B). However, with 2.5mM BFA, 76 ± 1% of
Nile red fluorescence was still detected in the cells after 16 h.
This suggested that BFA would suppress the mobilization of
TAG accumulated in the LDs. Tunicamycin (5 mg ml1), which
reduces the cell viability similarly to 2.5mM BFA (Fig. 5A), does
0h 24h/0h 16h 24hA
MM
TAP-N
MM + Tunicamycin 5 µg /ml 
























































Fig. 10 BFA suppresses TAG mobilization. (A) Schematic drawing of the experiment. Chlamydomonas D66 was cultured in TAP–N medium for
24 h to form LDs. The cells were then washed and cultured in minimum (M) medium for 24 h in the dark with and without 2.5 mM BFA or
5 mg ml1 tunicamycin. (B) Changes of Nile red fluorescence in the cells. Relative intensities of Nile red in the cells were measured by flow
cytometry. The graph shows mean fluorescence intensities of Nile red in 2104 cells ± SE of three independent experiments. Notice BFA inhibits
the reduction of Nile red intensities, suggesting inhibition of TAG mobilization. (C) Schematic drawing of the pulse labeling experiment. BODIPY
FL C16 (20 mM) and non-labeled oleic acid (100 mM) were added to the TAP–N medium where D66 was cultured for 24 h. This allowed for the
cells to form LDs in which BODIPY FL C16 was incorporated in TAGs. The cells were then washed and cultured in the minimum (M) medium for
24 h in the dark with and without 2.5mM BFA. (D) Changes of BODIPY fluorescence in the cells. The graph shows the mean fluorescence intensity
of BODIPY in 1104 cells ± SE of three independent experiments. Notice BFA inhibits the reduction of BODIPY fluorescence intensities,
suggesting inhibition of BODIPY FL C16 degradation.
1593Plant Cell Physiol. 54(10): 1585–1599 (2013) doi:10.1093/pcp/pct103 ! The Author 2013.






/pcp/article/54/10/1585/1906297 by Louisiana State U
niversity user on 28 Septem
ber 2021
not significantly inhibit the mobilization of TAG (23 ± 1% of
Nile red fluorescence was detected at 16 h after the transfer).
TLC analysis confirmed that changes of TAG amounts in
the cells are similar to that of Nile red fluorescence
(Supplementary Fig. S4). Hence, we concluded that the sup-
pressed mobilization of TAG is not simply caused by ER stress or
PCD in Chlamydomonas.
We also attempted to analyze degradation of fatty acids. To
this end, we cultured Chlamydomonas in TAP–N medium with
20mM BODIPY fatty acids and 100 mM oleic acid for 24 h so that
the exogenously added fatty acids are incorporated in the LDs.
The cells were then transferred to the Min medium and cul-
tured in the dark. The degradation of fatty acids was monitored
as reductions of BODIPY fluorescence by flow cytometry.
Without BFA, 19 ± 3% of BODIPY fluorescence, compared
with that soon after the cells were transferred to the Min
medium, was detected in the cells at 24 h after the transfer
(Fig. 10D). However, with 2.5 mM BFA, 72 ± 24% BODIPY fluor-
escence was detected in the cells after the same time. This
suggested that BFA inhibits degradation of fatty acids incorpo-
rated into the LDs.
Discussion
Target molecules of BFA in Chlamydomonas
It is known that nitrogen deprivation and repletion trigger LD
formation and TAG mobilization, respectively, in green micro-
algae (Hu et al. 2008, Wang et al. 2009, Siaut et al. 2011). The
molecular mechanisms have been gradually revealed (Miller
et al. 2010, Fan et al. 2011, Goodson et al. 2011, Li et al.
2012b, Yoon et al. 2012). Our results provide evidence that
BFA, which inhibits the exchange of guanine nucleotides in
ARF1, causes the Chlamydomonas to up-regulate the accumu-
lation of TAGs in the a-LDs as found in animals, yeast and
Drosophila (Figs. 1–3). Indeed, the orthologous protein of
ARF1 is found in proteomic analyses of Chlamydomonas LDs
(Moellering and Benning 2010). The orthologous protein is
most closely (identity 85%, E-value 6 e116) related to
HsARF1 (Homo sapiens ARF1) protein among the >22
human ARF family members (Donaldson and Jackson 2011).
The amino acids that are involved in the binding of BFA (Zeeh
et al. 2006) are also conserved in the Chlamydomonas ARF1
(Supplementary Fig. S6). It is therefore reasonable to hy-
pothesize that the Chlamydomonas also up-regulates the for-
mation of LDs by inhibiting exchange of guanine nucleotide
in ARF1 as occurs in animals. Interestingly for us, recent
genomic analysis [JGI assembly v4 with Augustus update
10.2 annotation (Goodstein et al. 2012)] suggests that the
Chlamydomonas genome may transcribe up to three ARF1
paralogous genes (Cre12.g486250, Cre25g.770750, and
Cre25g.770850). The peptide sequences of these genes are,
however, 100% identical to each other. The genomic analysis
in Chlamydomonas also revealed that at least three ARF-GEF
genes (Cre02.g125650, Cre03.g172150 and Cre07.g33410), the
products of which would interact with ARF1 and thereby be
stabilized by BFA (Zeeh et al. 2006), may be transcribed in
Chlamydomonas. This supports the idea that stabilization of
the interaction between GDP-ARF1 and ARF-GEF by BFA
causes up-regulation of LD formation in Chlamydomonas, as
has also been suggested for animals, yeast and Drosophila
(Farese and Walther 2009, Guo et al. 2009, Beller et al.
2010). A previous report suggested that accumulation of
Chlamydomonas ARF1 mRNA is regulated by the circadian
clock and light (Memon et al. 1995). Genetic analyses, such
as artificial microRNA (amiRNA) and gene disruption, as
described for Chlamydomonas (Zhao et al. 2008, Molnar
et al. 2009, Schmollinger et al. 2010, Dymek et al. 2011,
Gonzalez-Ballester et al. 2011), are required for us to under-
stand the function of ARF1 in Chlamydomonas.
Differences between nitrogen deprivation and BFA
with respect to LD formation and maintenance
We found that BFA up-regulates the formation of a-LDs that
are morphologically similar to those found in animals, yeast and
Drosophila, but not the formation of b-LDs that physically
associate with the plastids (Fig. 3; Supplementary Fig. S1).
We further found that the formation of the a-LDs is transient
with BFA (Fig. 4A). Studies of cultured Drosophila cells also
report that prolonged treatment of the cells with BFA depletes
the LDs (Walther and Farese 2009) even though it up-regulates
LD formation, at least in the first 6 h after the treatment (Beller
et al. 2008). We also found that 10mM BFA reduced the cell
viability to 1.5 ± 1.2% of that of mock-treated cells (Fig. 5A).
These findings suggest that prolonged exposure to high con-
centrations of BFA (i.e. >10mM) would cause cell death in
Chlamydomonas.
A previously published report shows that Chlamydomonas
noctigma exposed to 357 mM BFA for 3 h forms starch granules
in the plastids (Hummel et al. 2010). Moreover, a recently pub-
lished report shows that C. reinhardtii exposed to 18 mM BFA
for 7 h have shortenened flagellas (Dentler 2013). These findings
suggest that Chlamydomonas physiology is indeed affected by
short-term exposure to high concentrations of BFA. Because
BFA inhibits vesicle transport in general, it may also affect me-
tabolism of membrane and secretory proteins as found in
plants (Nebenfuhr et al. 2002, Murphy et al. 2005).
The other difference between nitrogen deprivation and BFA
with respect to LD formation and maintenance was found in
the pulse labeling experiments (Figs. 7, 8). Exogenously added
fatty acids are directly incorporated into the LDs when the cells
are cultured in the nitrogen deprivation condition, whereas
they are accumulated in FAIMs before accumulation in the
LDs when the cells are cultured with BFA (Fig. 8).
Working model of the effect of BFA on TAG
metabolism in Chlamydomonas
Based on the findings in this study, we describe our working
model that explains how BFA affects TAG metabolism in
Chlamydomonas (Fig. 11). First, we rationalize that FAIMs
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identified in logarithmically growing cells with and without BFA
(Figs. 8, 9) are a precursor of peroxisomes. Fatty acids are
b-oxidized in mature peroxisomes in animals, yeast and
plants (Titorenko and Rachubinski 2001, Hu et al. 2012).
In these organisms, precursors of the peroxisomes are synthe-
sized de novo from the ER, and the precursors are matured
through fission and fusion as well as protein import, so that
the peroxisomes acquire the capability of fatty acid b-oxidiza-
tion. Interestingly for us, involvement of ARF1 in the fission of
the peroxisomes has been proposed in yeast and animals (Lay
et al. 2005). Although the biogenesis of peroxisomes and b-
oxidization of fatty acids in Chlamydomonas have been little
analyzed (Hayashi and Shinozaki 2012), fatty acids are most
probably b-oxidized in the peroxisomes in Chlamydomonas
as is predicted by a transcriptome analysis (Miller et al. 2010).
We propose that BFA inhibits the function of ARF1 that
promotes maturation of peroxisomes including FAIMs in
Chlamydomonas.
Chlamydomonas growing in the logarithmic phase is in
equilibrium with respect to the TAG metabolism that in-
cludes de novo fatty acid synthesis, TAG synthesis, TAG deg-
radation and fatty acid degradation (Fig. 11). In the cells, as
we observed in the pulse labeling experiment, exogenously
added fatty acids would accumulate in the FAIMs (Fig. 9) to
avoid production of free radicals in the cytoplasm, which is
toxic for the cells (Schonfeld and Wojtczak 2008). The fatty
acids then degrade in the matured FAIMs. In the presence of
BFA, degradation of the exogenously added fatty acids is
inhibited because the FAIMs are not matured to the peroxi-
somes where the enzymes necessary for the fatty acid deg-
radation are incorporated. When Chlamydomonas are
cultured in TAP–N medium where nitrogen is deficient,
the synthesis of TAGs is up-regulated due to increased
gene expression involved in fatty acid and TAG syntheses
(Miller et al. 2010). Hence, exogenously added fatty acids
are directly incorporated into the LDs to generate TAGs
(Fig. 8).
Inhibition of degradation of DAG (diacylglycerol) and fatty
acid is known to suppress TAG mobilization due to lowering
the flux of the lipolysis pathway in Chlamydomonas and
Arabidopsis, respectively (Germain et al. 2001, Li et al. 2012a).
Hence, we propose that inhibition of peroxisome biogenesis by
BFA causes suppression of TAG mobilization when the cells are
in a logarithmic growth phase and even when the cells are in
the Min medium where TAG mobilization is up-regulated
(Fig. 10).
Because LDs and peroxisomes are in close contact during
TAG mobilization in yeast (Binns et al. 2006), we speculate that
physical interactions of LDs, FAIMs and peroxisomes may occur
in Chlamydomonas. In animals, yeast and insects, BFA is
thought to inhibit the transportation of TAG lipase into the
LDs (Farese and Walther 2009, Guo et al. 2009, Beller et al. 2010).
It may be the case in Chlamydomonas as well. Further investi-
gation is required to address these possibilities.
Materials and Methods
Chlamydomonas strain and culture conditions
Chlamydomonas reinhardtii D66 (nit2, cw15, mt+) was cul-
tured in 250 ml flasks with 100 ml of TAP medium (Gorman
and Levine 1965) that contains nutrients including ammonium
chloride as a nitrogen source and acetic acid as a carbon source.
The flasks were plugged with foam and shaken on an orbital
shaker at 180 r.p.m. in an environmental chamber. The tem-
perature was maintained at 23 ± 2C and continuous light was
provided at 60mmol m2 s1 strength. A 10ml aliquot of the
culture, which equals about 1,000 cells, was transferred to a new
medium every week to maintain the cultures. When the experi-
ments were conducted, 4-day-old cultures were first collected
by centrifugation at 3,800g for 5 min. The cells then were
washed with 60 ml of freshly prepared medium. The cells
were again collected by centrifugation and re-suspended with
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Fig. 11 Schematic drawing of a working model. TAP–N, nitrogen-deficient medium that induces LD formation in the cells; TAP, normal medium
that allow the cells to grow logarithmically; BFA, brefeldin A; MM, minimum medium that triggers TAG mobilization; FA, fatty acid; TAG,
triacylglycerol. See the main text for details.
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the cells was adjusted to 106 cells ml1. A 10 ml aliquot of the
culture (107 cells) was placed in 10015 mm plastic culture
dishes and shaken for the appropriate number of days in an
environmental chamber. When nitrogen deprivation condi-
tions were applied, TAP–N medium, in which nitrogen re-
sources were removed from the TAP medium, was used. Min
(minimum) medium was prepared by removing acetic acid
from the TAP medium. When the BFA was applied, 2, 5 or
10ml of 5.0 mM of BFA (Sigma-Aldrich) or 2.5ml of 50 mM
BFA dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich)
were added to 10 ml of the TAP, TAP–N or Min medium.
Pulse labeling experiments were conducted by culturing the
D66 strain in 1 or 5 ml of the TAP, TAP–N or Min medium. To
label the cells with fatty acids, 100 mM oleic acid (Sigma-
Aldrich) and 20 mM BODIPY FL C16 (Life Technologies) was
added in the TAP or TAP–N medium for 30 min, 8 h or 24 h.
When labeling was complete, the cells were precipitated by
centrifugation (3,800g for 5 min) and the precipitated cells
were washed with TAP. TAP–N or Min medium twice.
Confocal microscopy analysis
After the D66 strain was cultured in dishes for 2 d, 1 ml of the
culture solution was transferred to a 7525 mm micro slide
(Corning) on which 1 ml of 2% agarose gel was coated. The
agarose gel was made by heating a solution containing 0.2 g
of agarose (Thermo Fisher Scientific), 200 ml of 50mg ml1
Nile red (Sigma-Aldrich) and 10 ml of TAP or TAP–N
medium. The slide was then subjected to analysis after a
2440 mm (No. 1 1/2) cover glass (Corning) was placed on
top of the agarose gel. A Leica TCS SP2 spectral confocal micro-
scope equipped with a 40 (NA 1.2) oil immersion lens was
used to identify the LDs in the cells. The cells were imaged at
0.5mm z-step intervals for 20 steps. An argon 488 nm laser with
a 488/543/633 nm beam splitter was used to excite the Nile red.
A detection slit was open from 560 to 615 nm to capture the
emission signals of Nile red. Transmission images of the cells
were captured with a transmission PMT (photomultiplier
tube). The 20-stepped images were projected to one image
using the ImageJ (1.42q) plug-in, Grouped ZProjector.
Observation of FAIMs by fluorescence microscopy
The D66 strain was cultured in test tubes for up to 24 h with
100 mM oleic acid (Sigma-Aldrich) and 20 mM BODIPY FL C16
(Life Technologies) in TAP or TAP–N medium. A 100 ml aliquot
of the culture solution was sampled at each time point and
centrifuged after adding 500 ng ml1 Nile red. The precipitated
cells were subjected to fluorescence microscopy. A Leica DM
6000 B microscope equipped with a Leica DFC300FX camera
and a40 (NA 0.55) air immersion lens was used to identify the
FAIMs and LDs in the cells. A Leica filter cube L5 (emission 480/
40 nm, excitation 527/30 nm and dichromatic mirror 505 nm)
and N2.1 (emission 515–560 nm, excitation LP 590 nm) was
used to detect BODIPY (shutter speed 750 ms) and Nile red
(shutter speed 300 ms) fluorescence, respectively.
Transmission electron microscopy analysis
A 1 ml aliquot of culture solution was transferred to 1.5 ml
microcentrifuge tubes (USA Scientific). The tubes were centri-
fuged at 3,800g for 5 min to precipitate the cells. The cells
then were fixed, sliced and imaged as previously reported
(Mason et al. 1991).
Flow cytometry analysis
Culture solution (0.2–3 ml) was transferred to a 5 ml polystyr-
ene round-bottom tube (BD Biosciences). The samples were
directly subjected to flow cytometry analysis with 500 ng ml1
Nile red. In the pulse labeling experiments, BODIPY fluores-
cence was detected without adding Nile red. A FACSCalibur
flow cytometer (BD Biosciences) with the 488 nm argon laser at
15 mW was used for the analysis. Band pass filters, 530/30 nm
and 585/42 nm, were used to detect BODIPY and Nile red fluor-
escence, respectively. Sample flow rates were 60ml min1.
Lipid extraction
The method previously developed (Burja et al. 2007) was mod-
ified. After the D66 strain was grown in a culture dish for 2 d, the
number of the cells in the dish was counted using a hemocyt-
ometer (Hausser Scientific Partnership). A total of 106 cells (7–
10 ml) were then transferred to a 15 ml centrifuge tube (USA
Scientific). The tube was centrifuged at 3,800g for 5 min to
precipitate the cells. The cells were then re-suspended with a
solution that contains 1 ml of 50 mM dipotassium phosphate,
pH 7.4 (Fisher Scientific), 2 ml of methanol (Sigma-Aldrich) and
1 ml of chloroform (Sigma-Aldrich). The tube was then vor-
texed at 800 r.p.m. for 10 min to lyse the cells. The lipids in
the lysate were partitioned into the organic phase by centrifu-
ging the tube at 3,800g for 10 min after adding 1 ml of 50 mM
dipotassium phosphate, pH 7.4, and 1 ml of chloroform. The
organic phase in the tube was transferred to a 1.5 ml microcen-
trifuge tube, and the tube was placed in a 60C heat block to
evaporate the chloroform. The air around the heat block was
purged with nitrogen gas to avoid oxidation of the lipids.
TLC analysis
The method previously developed (Fan et al. 2011) was mod-
ified. The lipids in the tube were re-suspended with 10 ml of
chloroform and spotted on a 250 mm layer silica plate
(Whatman). The plate was then developed in a solvent con-
taining 220 ml of hexane (Acros Organics), 80 ml of diethyl
ether (Acros Organics) and 1 ml of glacial acetic acid (Fisher
Scientific) in a TLC tank. After development, the plate was
submerged in 1 N sulfuric acid (Fisher Scientific) for a few se-
conds and then charred at 100C for 20 min. The charred plate
was scanned with a scanner (Epson America). The scanned
image was analyzed with ImageJ to quantify the intensities of
the charred spot. The amount of TAGs in the sample was
deduced by comparing the intensity of the charred spot with
that made by quantitatively blotted triolein (Supelco
Analytical).
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Cell viability analysis
A 10 ml aliquot of the culture (107 cells) was placed in
10015 mm plastic culture dishes and shaken for 24 h, with
BFA, tunicamycin (Sigma-Aldrich) or DMSO, in an environmen-
tal chamber. After the numbers of the cells in each culture were
counted, 104 cells from each culture were spread on agar
plates containing TAP medium. Seven days after the cells
were spread, the numbers of colonies formed on the plates
were counted.
Starch analysis
The amounts of starch accumulated in cells were analyzed,
based on a method previously published (Fan et al. 2012).
Briefly, after 10 ml of cultured cells were collected by centrifu-
gation, the cells were washed with 10 ml of methanol three
times. The cells were then incubated with 1 ml of 0.2 N KOH
at 60C for 1 h. After adding 1 ml of 1 M acetic acid to the sus-
pension, the supernatant was used to quantify starch, using a
commercial starch assay kit (SA20, Sigma-Aldrich).
Funding
This study is supported by the Board of Regents [as a cost
commitment to the National Science Foundation
Experimental Program to Stimulate Competitive Research
(EPSCoR) Research Infrastructure Improvement award to N.K.].
Acknowledgments
The authors thank Ying Xiao for technical assistance with the
electron microscopy analysis, and Thomas Moore for critical
reading of the manuscript. N.K. thanks James Moroney and
Bratati Mukherjee for providing Chlamydomonas and for
their advice on the manuscript. The CBBC is funded in part
by a NIH COBRE grant and a CNRU Center Grant. This work
utilized the facilities of the Cell Biology and Bioimaging Core
that are supported in part by COBRE (NIH 8 P20-GM103528)
and NORC (NIH 2P30-DK072476) center grants from the
National Institutes of Health.
Disclosures
The authors have no conflicts of interest to declare.
References
Beller, M., Sztalryd, C., Southall, N., Bell, M., Jackle, H., Auld, D.S. et al.
(2008) COPI complex is a regulator of lipid homeostasis. PLoS Biol. 6:
e292.
Beller, M., Thiel, K., Thul, P.J. and Jackle, H. (2010) Lipid droplets: a dy-
namic organelle moves into focus. FEBS Lett. 584: 2176–2182.
Benning, C. (2009) Mechanisms of lipid transport involved in organelle
biogenesis in plant cells. Annu. Rev. Cell Dev. Biol. 25: 71–91.
Binns, D., Januszewski, T., Chen, Y., Hill, J., Markin, V.S., Zhao, Y. et al.
(2006) An intimate collaboration between peroxisomes and lipid
bodies. J. Cell Biol. 173: 719–731.
Boren, J. and Brindle, K.M. (2012) Apoptosis-induced mitochondrial
dysfunction causes cytoplasmic lipid droplet formation. Cell Death
Differ. 19: 1561–1570.
Burja, A.M., Armenta, R.E., Radianingtyas, H. and Barrow, C.J. (2007)
Evaluation of fatty acid extraction methods for Thraustochytrium
sp. ONC-T18. J. Agric. Food Chem. 55: 4795–4801.
Casanova, J.E. (2007) Regulation of Arf activation: the Sec7 family of
guanine nucleotide exchange factors. Traffic 8: 1476–1485.
D’Souza-Schorey, C. and Chavrier, P. (2006) ARF proteins: roles in
membrane traffic and beyond. Nat. Rev. Mol. Cell Biol. 7: 347–358.
Dentler, W. (2013) A role for the membrane in regulating
Chlamydomonas flagellar length. PLoS One 8: e53366.
Diaz-Troya, S., Perez-Perez, M.E., Perez-Martin, M., Moes, S., Jeno, P.,
Florencio, F.J. et al. (2011) Inhibition of protein synthesis by TOR
inactivation revealed a conserved regulatory mechanism of the BiP
chaperone in Chlamydomonas. Plant Physiol. 157: 730–741.
Donaldson, J.G. and Jackson, C.L. (2011) ARF family G proteins and
their regulators: roles in membrane transport, development and
disease. Nat. Rev. Mol. Cell Biol. 12: 362–375.
Dymek, E.E., Heuser, T., Nicastro, D. and Smith, E.F. (2011) The CSC is
required for complete radial spoke assembly and wild-type ciliary
motility. Mol. Biol. Cell 22: 2520–2531.
Fairley, P. (2011) Introduction: next generation biofuels. Nature 474:
S2–S5.
Fan, J., Andre, C. and Xu, C. (2011) A chloroplast pathway for the de
novo biosynthesis of triacylglycerol in Chlamydomonas reinhardtii.
FEBS Lett. 585: 1985–1991.
Fan, J., Yan, C., Andre, C., Shanklin, J., Schwender, J. and Xu, C. (2012)
Oil accumulation is controlled by carbon precursor supply for fatty
acid synthesis in Chlamydomonas reinhardtii. Plant Cell Physiol. 53:
1380–1390.
Farese, R.V. Jr and Walther, T.C. (2009) Lipid droplets finally get a little
R-E-S-P-E-C-T. Cell 139: 855–860.
Fei, W., Wang, H., Fu, X., Bielby, C. and Yang, H. (2009) Conditions of
endoplasmic reticulum stress stimulate lipid droplet formation in
Saccharomyces cerevisiae. Biochem. J. 424: 61–67.
Gaspar, M.L., Jesch, S.A., Viswanatha, R., Antosh, A.L., Brown, W.J.,
Kohlwein, S.D. et al. (2008) A block in endoplasmic reticulum-to-
Golgi trafficking inhibits phospholipid synthesis and induces
neutral lipid accumulation. J. Biol. Chem. 283: 25735–25751.
Germain, V., Rylott, E.L., Larson, T.R., Sherson, S.M., Bechtold, N.,
Carde, J.P. et al. (2001) Requirement for 3-ketoacyl-CoA thiolase-2
in peroxisome development, fatty acid beta-oxidation and break-
down of triacylglycerol in lipid bodies of Arabidopsis seedlings.
Plant J. 28: 1–12.
Gommel, D.U., Memon, A.R., Heiss, A., Lottspeich, F., Pfannstiel, J.,
Lechner, J. et al. (2001) Recruitment to Golgi membranes of
ADP-ribosylation factor 1 is mediated by the cytoplasmic domain
of p23. EMBO J. 20: 6751–6760.
Gonzalez-Ballester, D., Pootakham, W., Mus, F., Yang, W.,
Catalanotti, C., Magneschi, L. et al. (2011) Reverse genetics in
Chlamydomonas: a platform for isolating insertional mutants.
Plant Methods 7: 24.
Goodson, C., Roth, R., Wang, Z.T. and Goodenough, U. (2011)
Structural correlates of cytoplasmic and chloroplast lipid body syn-
thesis in Chlamydomonas reinhardtii and stimulation of lipid body
production with acetate boost. Eukaryot. Cell 10: 1592–1606.
1597Plant Cell Physiol. 54(10): 1585–1599 (2013) doi:10.1093/pcp/pct103 ! The Author 2013.






/pcp/article/54/10/1585/1906297 by Louisiana State U
niversity user on 28 Septem
ber 2021
Goodstein, D.M., Shu, S., Howson, R., Neupane, R., Hayes, R.D., Fazo, J.
et al. (2012) Phytozome: a comparative platform for green plant
genomics. Nucleic Acids Res. 40: D1178–D1186.
Gorman, D.S. and Levine, R.P. (1965) Cytochrome f and
plastocyanin: their sequence in the photosynthetic electron trans-
port chain of Chlamydomonas reinhardi. Proc. Natl Acad. Sci. USA
54: 1665–1669.
Guo, Y., Cordes, K.R., Farese, R.V. Jr and Walther, T.C. (2009) Lipid
droplets at a glance. J. Cell Sci. 122: 749–752.
Guo, Y., Walther, T.C., Rao, M., Stuurman, N., Goshima, G.,
Terayama, K. et al. (2008) Functional genomic screen reveals
genes involved in lipid-droplet formation and utilization. Nature
453: 657–661.
Hayashi, Y. and Shinozaki, A. (2012) Visualization of microbodies in
Chlamydomonas reinhardtii. J. Plant Res. 125: 579–586.
Hodges, B.D. and Wu, C.C. (2010) Proteomic insights into an expanded
cellular role for cytoplasmic lipid droplets. J. Lipid Res. 51: 262–273.
Hu, J., Baker, A., Bartel, B., Linka, N., Mullen, R.T., Reumann, S. et al.
(2012) Plant peroxisomes: biogenesis and function. Plant Cell 24:
2279–2303.
Hu, Q., Sommerfeld, M., Jarvis, E., Ghirardi, M., Posewitz, M., Seibert, M.
et al. (2008) Microalgal triacylglycerols as feedstocks for biofuel
production: perspectives and advances. Plant J. 54: 621–639.
Hummel, E., Osterrieder, A., Robinson, D.G. and Hawes, C. (2010)
Inhibition of Golgi function causes plastid starch accumulation.
J. Exp. Bot. 61: 2603–2614.
Hummel, E., Schmickl, R., Hinz, G., Hillmer, S. and Robinson, D.G.
(2007) Brefeldin A action and recovery in Chlamydomonas are
rapid and involve fusion and fission of Golgi cisternae. Plant Biol.
(Stuttg.) 9: 489–501.
James, G.O., Hocart, C.H., Hillier, W., Chen, H., Kordbacheh, F.,
Price, G.D. et al. (2010) Fatty acid profiling of Chlamydomonas
reinhardtii under nitrogen deprivation. Bioresour. Technol. 102:
3343–3351.
Kleine-Vehn, J. and Friml, J. (2008) Polar targeting and endocytic recy-
cling in auxin-dependent plant development. Annu. Rev. Cell Dev.
Biol. 24: 447–473.
Lay, D., Grosshans, B.L., Heid, H., Gorgas, K. and Just, W.W. (2005)
Binding and functions of ADP-ribosylation factor on mammalian
and yeast peroxisomes. J. Biol. Chem. 280: 34489–34499.
Li, X., Benning, C. and Kuo, M.H. (2012a) Rapid triacylglycerol turnover
in Chlamydomonas reinhardtii requires a lipase with broad sub-
strate specificity. Eukaryot. Cell 11: 1451–1462.
Li, X., Moellering, E.R., Liu, B., Johnny, C., Fedewa, M., Sears, B.B. et al.
(2012b) A galactoglycerolipid lipase is required for triacylglycerol
accumulation and survival following nitrogen deprivation in
Chlamydomonas reinhardtii. Plant Cell 24: 4670–4686.
Lippincott-Schwartz, J., Yuan, L.C., Bonifacino, J.S. and Klausner, R.D.
(1989) Rapid redistribution of Golgi proteins into the ER in cells
treated with brefeldin A: evidence for membrane cycling from Golgi
to ER. Cell 56: 801–813.
Liu, B. and Benning, C. (2013) Lipid metabolism in microalgae
distinguishes itself. Curr. Opin. Biotechnol. 24: 300–309.
Martin, S. and Parton, R.G. (2006) Lipid droplets: a unified view of a
dynamic organelle. Nat. Rev. Mol. Cell Biol. 7: 373–378.
Mason, C.B., Matthews, S., Bricker, T.M. and Moroney, J.V. (1991)
Simplified procedure for the isolation of intact chloroplasts from
Chlamydomonas reinhardtii. Plant Physiol. 97: 1576–1580.
Matsuoka, K., Bassham, D.C., Raikhel, N.V. and Nakamura, K. (1995)
Different sensitivity to wortmannin of two vacuolar sorting signals
indicates the presence of distinct sorting machineries in tobacco
cells. J. Cell Biol. 130: 1307–1318.
McCartney, A.W., Greenwood, J.S., Fabian, M.R., White, K.A. and
Mullen, R.T. (2005) Localization of the tomato bushy stunt virus
replication protein p33 reveals a peroxisome-to-endoplasmic
reticulum sorting pathway. Plant Cell 17: 3513–3531.
Memon, A., Hwang, S., Deshpande, N., Thompson, G. Jr and Herrin, D.
(1995) Novel aspects of the regulation of a cDNA (Arf1) from
Chlamydomonas with high sequence identity to animal ADP-
ribosylation factor 1. Plant Mol. Biol 29: 567–577.
Merchant, S.S., Prochnik, S.E., Vallon, O., Harris, E.H., Karpowicz, S.J.,
Witman, G.B. et al. (2007) The Chlamydomonas genome reveals
the evolution of key animal and plant functions. Science 318:
245–250.
Miller, R., Wu, G., Deshpande, R.R., Vieler, A., Gartner, K., Li, X. et al.
(2010) Changes in transcript abundance in Chlamydomonas
reinhardtii following nitrogen deprivation predict diversion of
metabolism. Plant Physio. 154: 1737–1752.
Moellering, E.R. and Benning, C. (2010) RNA interference silencing
of a major lipid droplet protein affects lipid droplet size in
Chlamydomonas reinhardtii. Eukaryot. Cell 9: 97–106.
Molnar, A., Bassett, A., Thuenemann, E., Schwach, F., Karkare, S.,
Ossowski, S. et al. (2009) Highly specific gene silencing by artificial
microRNAs in the unicellular alga Chlamydomonas reinhardtii.
Plant J. 58: 165–174.
Moon, J.L., Kim, S.Y., Shin, S.W. and Park, J.-W. (2012) Regulation of
brefeldin A-induced ER stress and apoptosis by mitochondrial
NADP+-dependent isocitrate dehydrogenase. Biochem. Biophys.
Res. Commun. 417: 760–764.
Murphy, A.S., Bandyopadhyay, A., Holstein, S.E. and Peer, W.A. (2005)
Endocytotic cycling of PM proteins. Annu. Rev. Plant Biol. 56:
221–251.
Nakamura, N., Akashi, T., Taneda, T., Kogo, H., Kikuchi, A. and
Fujimoto, T. (2004) ADRP is dissociated from lipid droplets by
ARF1-dependent mechanism. Biochem. Biophys. Res. Commun.
322: 957–965.
Nebenfuhr, A., Ritzenthaler, C. and Robinson, D.G. (2002) Brefeldin A:
deciphering an enigmatic inhibitor of secretion. Plant Physiol. 130:
1102–1108.
Nguyen, H.M., Baudet, M., Cuine, S., Adriano, J.M., Barthe, D., Billon, E.
et al. (2011) Proteomic profiling of oil bodies isolated from the
unicellular green microalga Chlamydomonas reinhardtii: with
focus on proteins involved in lipid metabolism. Proteomics 11:
4266–4273.
Orcl, L., Palmer, D.J., Amherdt, M. and Rothman, J.E. (1993) Coated
vesicle assembly in the Golgi requires only coatomer and ARF pro-
teins from the cytosol. Nature 364: 732–734.
Radakovits, R., Jinkerson, R.E., Darzins, A. and Posewitz, M.C. (2010)
Genetic engineering of algae for enhanced biofuel production.
Eukaryot. Cell 9: 486–501.
Schmollinger, S., Strenkert, D. and Schroda, M. (2010) An inducible
artificial microRNA system for Chlamydomonas reinhardtii con-
firms a key role for heat shock factor 1 in regulating thermotoler-
ance. Curr. Genet. 56: 383–389.
Schonfeld, P. and Wojtczak, L. (2008) Fatty acids as modulators of the
cellular production of reactive oxygen species. Free Radic. Biol. Med.
45: 231–241.
Siaut, M., Cuine, S., Cagnon, C., Fessler, B., Nguyen, M., Carrier, P. et al.
(2011) Oil accumulation in the model green alga Chlamydomonas
reinhardtii: characterization, variability between common
1598 Plant Cell Physiol. 54(10): 1585–1599 (2013) doi:10.1093/pcp/pct103 ! The Author 2013.






/pcp/article/54/10/1585/1906297 by Louisiana State U
niversity user on 28 Septem
ber 2021
laboratory strains and relationship with starch reserves. BMC
Biotechnol. 11: 7.
Silady, R.A., Ehrhardt, D.W., Jackson, K., Faulkner, C., Oparka, K. and
Somerville, C.R. (2008) The GRV2/RME-8 protein of Arabidopsis
functions in the late endocytic pathway and is required for vacuolar
membrane flow. Plant J. 53: 29–41.
Soni, K.G., Mardones, G.A., Sougrat, R., Smirnova, E., Jackson, C.L. and
Bonifacino, J.S. (2009) Coatomer-dependent protein delivery to
lipid droplets. J. Cell Sci. 122: 1834–1841.
Titorenko, V.I. and Rachubinski, R.A. (2001) The life cycle of the
peroxisome. Nat. Rev. Mol. Cell Biol. 2: 357–368.
Tse, Y.C., Lo, S.W., Hillmer, S., Dupree, P. and Jiang, L. (2006) Dynamic
response of prevacuolar compartments to brefeldin A in plant cells.
Plant Physiol. 142: 1442–1459.
Viaud, J., Zeghouf, M., Barelli, H., Zeeh, J.C., Padilla, A., Guibert, B. et al.
(2007) Structure-based discovery of an inhibitor of Arf activation by
Sec7 domains through targeting of protein–protein complexes.
Proc. Natl Acad. Sci. USA 104: 10370–10375.
Walther, T.C. and Farese, R.V. Jr (2009) The life of lipid droplets.
Biochim. Biophys. Acta 1791: 459–466.
Wang, Z.T., Ullrich, N., Joo, S., Waffenschmidt, S. and Goodenough, U.
(2009) Algal lipid bodies: stress induction, purification, and
biochemical characterization in wild-type and starchless
Chlamydomonas reinhardtii. Eukaryot. Cell 8: 1856–1868.
Wijffels, R.H. and Barbosa, M.J. (2010) An outlook on microalgal bio-
fuels. Science 329: 796–799.
Work, V.H., Radakovits, R., Jinkerson, R.E., Meuser, J.E., Elliott, L.G.,
Vinyard, D.J. et al. (2010) Increased lipid accumulation in the
Chlamydomonas reinhardtii sta7-10 starchless isoamylase mutant
and increased carbohydrate synthesis in complemented strains.
Eukaryot. Cell 9: 1251–1261.
Yoon, K., Han, D., Li, Y., Sommerfeld, M. and Hu, Q. (2012)
Phospholipid:diacylglycerol acyltransferase is a multifunctional
enzyme involved in membrane lipid turnover and degrad-
ation while synthesizing triacylglycerol in the unicellular
green microalga Chlamydomonas reinhardtii. Plant Cell 24:
3708–3724.
Zeeh, J.C., Zeghouf, M., Grauffel, C., Guibert, B., Martin, E., Dejaegere, A.
et al. (2006) Dual specificity of the interfacial inhibitor brefeldin
A for Arf proteins and Sec7 domains. J. Biol. Chem. 281:
11805–11814.
Zhao, T., Wang, W., Bai, X. and Qi, Y. (2008) Gene silencing by artificial
microRNAs in Chlamydomonas. Plant J. 58: 157–164.
1599Plant Cell Physiol. 54(10): 1585–1599 (2013) doi:10.1093/pcp/pct103 ! The Author 2013.






/pcp/article/54/10/1585/1906297 by Louisiana State U
niversity user on 28 Septem
ber 2021
